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A b s t r a c t  
The present study reports the analysis of GPS TEC prior to 3 earth-
quakes (M > 6.0). The earthquakes are: (1) Loyalty Island (22°36S, 
170°54E) on 19 January 2009 (M = 6.6), (2) Samoa Island (15°29S, 
172°5W) on 30 August 2009 (M = 6.6), and (3) Tohoku (38°19N, 
142°22E) on 11 March 2011 (M = 9.0). In an effort to search for a pre-
cursory signature we analysed the land and ocean parameters prior to the 
earthquakes, namely SLHF (Land) and SST (Ocean). The GPS TEC data 
indicate an anomalous behaviour from 1-13 days prior to earthquakes. 
The main purpose of this study was to explore and demonstrate the pos-
sibility of any changes in TEC, SST, and SLHF before, during and after 
the earthquakes which occurred near or beneath an ocean. This study 
may lead to better understanding of response of land, ocean, and iono-
sphere parameters prior to seismic activities. 
Key words: total electron content, sea surface temperature, surface latent 
heat flux, earthquake. 
1. INTRODUCTION 
Recently, shocking earthquakes in the world that caused thousands of deaths 
and millions of dollars in property loss and impacts on tactical and scientific 
planning has motivated stronger interest among researchers to work on the 
probability of developing earthquake prediction by detecting anomalies in 
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ionospheric, land, and ocean parameters (Liu et al. 2001, Pulinets and 
Boyarchuk 2004, Tronin et al. 2002, Singh et al. 2010, Xu et al. 2011). The 
ionosphere of the Earth is a significant part of the global electric circuit. It is 
subject to study disturbances related mainly with geomagnetic and solar ac-
tivity. It also varies with different processes, like dust storms, radioactive 
pollutions, earthquakes, volcanic eruptions, thunderstorms, etc. To monitor 
simultaneously a large area of the ionosphere, the GPS is an ideal tool. The 
GPS system consists of 24 satellites, evenly distributed in 6 orbital planes 
around the globe. Each satellite transmits two frequencies of signals, 
f1 = 1575.42 MHz  and  –f2 = 1227.60 MHz. The total electron content (TEC) 
is the total number of electrons along the vertical path between the satellite 
and the ground in 1 m2 cross-section column; TEC is measured in TEC units 
(1 TECU = 1016 el/m2). Many researchers have reported that large seismic 
activities can be revealed through the unexpected variation in GPS based 
TEC of the ionosphere (Pulinets 1998, Hayakawa and Molchanov 2002, 
Pulinets et al. 2003, Afraimovich et al. 2004, Liu et al. 2004, Karia and 
Pathak 2011, He et al. 2012, Kim et al. 2012). 
The present paper reports an analysis of TEC data obtained from three 
different IGS stations. These data are for the period corresponding to three 
different earthquakes that occurred in different part of the world listed in  
Table 1. 
Table 1  






Date Time (UT) Location of IGS station 
1 





Noumea, France (NRMD) 
(22°13S, 166°28E) 
2 













Ogaswara, Japan (CCJ2) 
(27°3N, 142°11E) 
 
Surface latent heat flux (SLHF) is an important factor of the Earth’s en-
ergy budget, which represents the heat released by phase changes due to so-
lidification, evaporation or melting. The SLHF is highly dependent on 
climatological parameters, such as relative humidity, wind speed, ocean 
depth, and sea surface temperature (SST) (Schulz et al. 1997). Dey and 
Singh (2003), have proposed SLHF as a precursor to seismic activity in the 
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coastal region; they found some anomalous SLHF peaks a few days prior to 
5 earthquakes near the coastal region. Variations in SLHF are also controlled 
by the changes in SST, which is believed to be a precursory parameter dur-
ing an earthquake (Tronin 2000). The SST is the water temperature, which is 
affected by air masses of atmosphere near to the ocean surface. The SST 
anomalies were found during the earthquake in China on 10 January 1998 
and Kobe (Japan) on 17 January 1995 (Tronin et al. 2002), the Bourmerdes 
earthquake on May 2003 (M = 6.8) by Ouzounov et al. (2006), and Sumatra 
earthquake on December 2004 by Singh et al. (2007). These observations 
motivated us to analyse the three parameters, the GPS TEC, SLHF, and SST, 
to find out coupling between ocean, land, and ionosphere anomalies. Chang-
es in land, ocean, and ionosphere parameters related to earthquakes have 
been observed (Dey and Singh 2003, Singh et al. 2002, 2007). These reports 
suggest the existence of coupling between land, ocean, and ionosphere con-
nected to the earthquake.  
In this paper, we analyse GPS TEC data for three international GNSS 
service (IGS) stations: (1) Noumea, France (NRMD) (22°13S, 166°28E) at 
the time close to earthquake on 19 January 2009 (M = 6. 6) in the southeast 
of Loyalty Island; (2) Pago Pago, American Samoa (ASPA) (14°19S, 170° 
43W) during the period of earthquakes on 30 August 2009 (M = 6.6), and 
(3) Ogaswara, Japan (CCJ2) (27°3N, 142°11E) during the period of earth-
quake on 11 March 2011 (M = 9.0) and we also analysed multi-sensor pa-
rameters such as SST and SLHF; all these data are obtained from satellite 
data and freely available. In the paper, variation before and after the earth-
quakes on the land, ocean, and ionosphere based parameters has been studied 
to observe the possible link between the land, ocean, and ionosphere prior to 
earthquakes.  
2. DATA  AND  ANALYSIS 
2.1  Earthquakes 
During the past decade, dozens of disastrous earthquakes occurred in close 
proximity to an ocean or below the seafloor. In this paper, we take three 
earthquakes into consideration: Loyalty Island, Samoa Islands, and Tohoku 
Japan. The main selection criteria include a magnitude of  M > 6.0  and the 
occurrence near or beneath an ocean. Table 1 gives the epicentral locations 
and details of IGS stations of the selected earthquakes (http://earthquake. 
usgs.gov/). 
2.2  TEC data 
The RINEX data obtained from GPS receivers contain the P1 (C/A code 
pseudo range, in meters, on L1 frequency), P2 (P code pseudo range, in me-
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ters, on L2 frequency), L1 (L1 carrier phase, in cycles, on L1 frequency), and 
L2 (L2 carrier phase, in cycles, on L2 frequency) with a time resolution of 
30 s. 
The slant total electron content (STEC) estimated from an IGS data set in 
RINEX format IGS is as follows 
 












where f1 (1227.60 MHz) and f2 (1575.42 MHz) are current GPS broadcast 
frequencies. 
STEC is converted into VTEC using a suitable mapping function of dif-
ferent ionosphere pierce point (IPP) locations. The mapping function S(E) is 
defined as 
  ( ) 1 cos ,S E   (2) 
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 (4) 
Rx = mean Earth’s radius, 6371 km,  is elevation angle, and   = (90° – )  
is zenith angle, and  hm = altitude of the IPP = 350 km, is the height of the 
ionospheric shell above the Earth’s surface (Rama Rao et al. 2006a). 
The mean ionospheric height of 350 km is used for the determination of 
IPP locations, which is found to be valid for elevation greater than 50°. All 
TEC values for elevation lower than 50° are removed to eliminate the low 
elevation angle effects (such as multipath and tropospheric scattering on the 
measured TEC values) (Rama Rao et al. 2006b). 
The Dst-index data are obtained from the World Data Centre, Kyoto, Ja-
pan through (http://swdcdb.kugi.kyotou.ac.jp). The solar F10.7 cm data have 
been obtained from the NOAA data centre. 
2.3  Remote sensing data 
Multi-sensor parameter SST data were obtained from tropical rainfall meas-
uring mission (TRMM) Microwave Imager (TMI) (http://www.ssmi.com). 
The SLHF data were taken from the national centre for environmental pre-
diction analysed project of the IRI/LDEO climate data library 
(http://iridl.ldeo.columbia.edu). 
The anomalies are identified by subtracting the multi-year mean of the 
averaged values, which can be expressed as: 
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 value meananomaly 100% .
std. deviation
   ! "# $
 (5) 
Here, the mean values for 5 years data have been taken. The SST data 
are obtained in Netcdf format, using freely available panoply software which 
has been converted to ASCII format. Then these data were analysed using 
Lab-VIEW software. 
The analysis of each earthquake under study is presented in two figures; 
the first figure presents: (a) VTEC profiles for a period of 40 days, (b) dis-
turbance storm time (Dst) index, and (c) solar flux (F-10.7) variation of the 
analysed period with a purpose to refer to the geomagnetic and solar condi-
tion. The second one presents the variation in SLHF and SST to see the vari-
ation in land and ocean parameter prior and after the earthquake. 
3. RESULTS  AND  DISCUSSION 
The present paper pays attention to the variation of multi-sensor parameters 
of land, ocean, and ionosphere anomalies prior to the earthquake using TEC 
and multi-sensor parameters in the detection of earthquake precursor. The 
result of enhancement in TEC, SLHF, and SST prior to all earthquakes is 
summarized in Table 2. 
Table 2  
Summary of the data and results  






Date Enhancement in TEC prior to EQ
Enhancement 
in SST  
prior to EQ 
Enhancement 
in SLHF  
prior to EQ 
1 





3, 5, 9, 11, 12 
and 13 days 
(Fig. 1) 




12-19 Jan 2009 
(7 days –  
on EQ days) 
(Fig. 3) 
2 











26 Aug –  
3 Sep 2009 
(4 days before 














23 Feb –  
1 Mar 2011 
(16-10 days) 
(Fig. 7) 
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3.1  TEC Variation 
There is no common opinion among the scientists on the physical mecha-
nism that could explain the seismo-ionosphere coupling. It is still a subject 
of discussion and detailed review of the proposed physical mechanism may 
be found in Dey et al. (2004), Rishbeth (2006), Zhao et al. (2008), Karia and 
Pathak (2011), Akhoondzadeh and Saradjian (2011), and Choi et al. (2012). 
Enhancement in TEC during and after the earthquake has been reported in 
Devi et al. (2004) and Karia and Pathak (2011). It was proposed by Parrot 
(1995) that propagation of the direct wave due to compression of rocks close 
to the earthquake epicentre could be more likely related to the piezoelectric 
and turboelectric effect. Rising liquids under the ground would lead to the 
emanation of warm gases, as proposed by Hayakawa and Molchanov (2002); 
Pulinets and Boyarchuk (2004) suggest an elaborated mechanism in which 
the radon emission ionizes the near-Earth atmosphere over the seismic zone. 
Penetration of atmospheric gravity waves (AGW), which are driven by the 
gas water release from the earthquake preparatory zone into the ionosphere, 
was suggested by Hayakawa and Molchanov (2002). Convective transporta-
tion of charged aerosols and their gravitational sedimentation in the atmos-
phere as well as radon and their radioactive element emanation in to lower 
atmosphere over the faults leads to increase of the atmospheric radioactivity 
level during earthquake formation (Pulinets 1998). These processes may lead 
to an increase in the electric field up to tens mV/m in the ionosphere 
(Sorokin et al. 2005, 2006, 2007; Chmyrev et al. 1989). It is possible that 
pre-seismic vertical electric field on the ground surface, transformed into an 
electric field perpendicular to geomagnetic field line, produces a perturbation 
over the F-region ionosphere. Once the F-region gets perturbed within that 
zone, it will pre-start to propagate along the conducting magnetic field lines 
and spread over wider areas, as discussed by Liu et al. (2006) and Pulinets 
and Boyarchuk (2004).  
In the present paper, enhancement in peak TEC was observed beyond the 
standard deviation line (black line) prior to Loyalty Island earthquake on 
19 January 2009 (see Fig. 1) at Noumea IGS station. Corresponding to the 
Loyalty Island earthquake, there is an anomalous reduction in TEC values 
which can be explained as follows. Depletion and enhancement in density 
profile may be the result of earthquake associated E × B drift when electron 
density may flow into or out of the observing station, depending upon the lo-
cation of the station (Larkina et al. 1983, Parrot and Mogilevsky 1989). Devi 
et al. (2001) found that enhancement and depletion in TEC variations for a 
number of strong earthquake events indicate that high-density TEC contours 
are often associated with earthquakes having their epicenters near the equa-
tor or away from the observational site. They further indicated that TEC de- 
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Fig. 1: (a) VTEC profile of the Noumea, France (NRMD) station; VTEC diurnal 
profile indicates an enhancement in diurnal VTEC (blue line) prior to the earth-
quake; (b) The figure displays Dst-index, and (c) solar F-10.7 cm. The geomagnetic 
condition is found to quiet with small variation in Dst index. The star symbol repre-
sents the earthquake day. 
pletions are often observed when the epicenter lies very near to the observa-
tional site. Enhancements in peak TEC are also observed at ASPA IGS sta-
tion prior to Samoa Island earthquake on 30 August 2009. This enhancement 
in TEC is observed 10 days prior to the earthquake (see Fig. 4). Such a type 
of sudden enhancement in TEC prior to earthquake has been studied earlier. 
Afraimovich and Astafyeva (2008) studied some cases of pre-seismic pre-
cursors having isolated enhancement in TEC few days prior to earthquakes. 
They estimated the local TEC around epicenter and compared the TEC with 
check region (with low seismic activity) to detect global effect of TEC. They 
showed that in some cases this effect might be a reflection of global changes 
of the ionization caused by solar and magnetic activity. However, in some 
cases they suggested that the abrupt enhancements were due to local effects 
and can be a pre-seismically induced effect. For Tohoku earthquake, as indi-
cated in Fig. 6, there are enhancements in TEC 6 days prior to the earth-
quake on 11 March 2011. The enhancement in TEC is observed from 6 days 
K. YADAV  et al. 
 
50
(i.e., 5 March 2011) prior to the earthquake and 5 March was a quiet-day. So 
the enhancement may not be due to Dst variations. Moreover, Pulinets and 
Boyarchuk (2004) demonstrated that the cross-correlation coefficient for a 
pair of stations with differing distances to an earthquake epicenter dropped a 
few days before the earthquake. Ouzounov et al. (2011) obtained cross-
correlation coefficient to check the source of TEC anomaly for Tohoku 
earthquake and confirmed the fact that the anomalous variation in TEC was 
most likely connected with the earthquake.  
TEC anomalies are observed on different days in all the three earth-
quakes considered starting from 1 to 13 days prior to the occurrence of 
earthquakes. There can be many possibilities in this regards, as noted in the 
literature; anomalous VLF/ELF emissions from the ground and anomalous 
ionosphere reactions over seismic zones have demonstrated that, prior to 
strong earthquake activity, the EM field and plasma in the ionosphere and 
magnetosphere are affected (Hayakawa and Molchanov 2002). The iono-
spheric disturbances several days before the seismic event are reportedly 
identified in an anomalous absorption of long wavelength radio waves in the 
Earth-ionosphere wave guide, in variations of the electron density and the to-
tal electron content (TEC), both positive and negative, and in EM waves and 
electric fields measured at magnetospheric or ionospheric levels. Moreover, 
in recent analysis, Karia et al. (2013), while analyzing both ground and 
space parameters prior to an earthquake, observed anomaly in ULF spectral 
analysis some 10-12 days prior to the seismic event.  
The analysis of TEC prior to the Tohoku earthquake has been carried out 
earlier. Zolotov et al. (2013) showed that in the periods of preparation of the 
earthquakes under consideration, on 8-11 March, abnormal ionospheric TEC 
disturbances were observed as long lived structures in a near-epicentral re-
gion and in the region magnetically conjugated to it. He et al. (2012) used a 
nonlinear solar background removal technique to remove the solar contribu-
tion in TEC. They found that after removing the influence of solar radiation 
origin in GIM TEC, the TEC around the forthcoming epicenter and its con-
jugate were significantly enhanced in the afternoon period of 8 March 2011, 
3 days before the earthquake. In our results also we found the enhancement 
in TEC on 8 March 2011 for the Tohoku earthquake. Further, Namgaladze et 
al. (2013) and Le et al. (2013) also observed significant enhancement in 
TEC on 8 March 2011 for the same earthquake. Le et al. (2013) used both an 
empirical model and a theoretical model to check whether the TEC anoma-
lies were entirely contributed by the increase in solar radiation. The compar-
ison between the observations and the simulation results showed that the 
solar radiation enhancement alone was not enough to produce the observed 
significant TEC enhancement. They stated that some additional mechanisms, 
such as the pre-earthquake ionospheric disturbance or the geomagnetic activ-
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ities, might have played a significant role in the TEC enhancement on 
8 March. They also pursued the temporal-spatial distribution of the extreme 
TEC enhancement within 30 days before the earthquake and found that the 
extreme enhancement was persistently located in the region adjacent to the 
epicenter and the magnetic conjugate point for a long time of 16 h. In addi-
tion, a geomagnetic disturbance with  Kp = 4  occurred on 7 March. There-
fore, the significant TEC enhancement on 8 March might be related to the 
M9.0 Tohoku-Oki earthquake and the geomagnetic disturbance. However, in 
contradiction to the above researches, Carter et al. (2013) conducted a study 
on Tohoku earthquake using ionosonde data to establish whether any other-
wise unexplained ionospheric anomalies were detected in the days and hours 
prior to the event. They observed a simultaneous increase in foF2 and the 
 
Fig. 2. Percentage deviation in TEC from monthly mean for all earthquakes (details 
are given in Table 1). Star indicates the earthquake day. 
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Es layer peak plasma frequency, foEs, relative to the 30-day median, which 
was observed within 1 h before the earthquake. Further, they performed a 
statistical search for similar simultaneous foF2 and foEs increases in 6 years 
of data and found that this feature has been observed on many other occa-
sions without related seismic activity. Therefore, they concluded that one 
cannot use this type of ionospheric perturbation confidently to predict an im-
pending earthquake.  
In order to support the analysis, percentage deviation in TEC for 40 days 
was computed corresponding to all the three earthquakes (see Fig. 2). Per-
centage deviation of the order of 100% in TEC with respect to the mean 
TEC was observed on 7 January, corresponding to Loyalty Island earth-
quake. For Samoa Island, the percentage of deviation in TEC was 100% on 
20 August 2009 and for Tohoku, Japan, it was 150% on 8 March 2011 
anomaly prior to the earthquake. 
3.2  Multi-sensor parameters 
Three coastal earthquakes (Table 1) in ocean with magnitude > 6 were cho-
sen for the pre-earthquake signs detection. Therefore, the nearest points to 
the epicentres on the ocean are selected for SST and SLHF anomalous varia-
tion studies. 
The SLHF is a function of surface temperature and thus depends on sea-
son. It also depends on the terrain characteristic and is affected by the close-
ness to the sea surface. The SLHF is the heat exchange by phase change due 
to solidification, evaporation or melting. In the coastal region, prior to an 
earthquake, the accumulation of stress results in the thermal infrared emis-
sion, which enhances the rate of energy exchange between surface and at-
mosphere, resulting in increase of SLHF (Dey and Singh 2003). These 
connections suggest the continuation of interaction between land and near-
Earth environment (Singh et al. 2001, Ouzounov and Freund 2004). 
Variation in SLHF is controlled by change in surface temperature varia-
tion, which is supposed to be a precursory parameter during an earthquake 
(Singh et al. 2001, Ouzounov and Freund 2004, Tronin 1999). SST and 
SLHF variations (Figs. 3, 5, and 7) show anomalous rise. Due to an increase 
in SST from 29 December 2008 to 11 January 2009, the biggest anomalies 
(> 300% Normalized Anomaly) in SLHF are observed from 12 to19 January 
2009 (Fig. 2) prior to the earthquake at Loyalty Island on 19 January 2009. It 
is observed from Fig. 4 that prior to earthquake on 30 August 2009 at Samoa 
Island region there was an anomalous enhancement in SST from 22 to 29 
August 2009, attributed to high value of SLHF from 26 August to 3 Septem-
ber. As shown in Fig. 6, SST shows an increase from 10 to 15 February 
2011, and just after this enhancement in SST, SLHF showed an anomalous  
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Fig. 3. The daily SST and SLHF variation over the epicentre for the period of 1 De-
cember 2008 – 26 January 2009. SST is followed by SLHF prior to the earthquake. 
The star symbol represents the earthquake day. 
Fig. 4: (a) VTEC profile of the Pago Pago American Samoa (ASPA) station 
VTEC diurnal profile indicating an increase in diurnal VTEC (blue line) 10 days 
prior to the earthquake; (b) The figure displays Dst-index, and (c) solar F-10.7 cm. 
The geomagnetic condition is found to quiet with small variation in Dst index. The 
star symbol represents the earthquake day. 
K. YADAV  et al. 
 
54
Fig. 5. Shows the daily SST and SLHF variation over the epicentre for the period of 
1 August – 6 September 2009. The SST is followed by SLHF. The star symbol 
represents the earthquake day. 
 
Fig. 6. VTEC profile of the Ogaswara, Japan (CCJ2) station: (a) VTEC diurnal 
profile indicates an increase in average VTEC (blue line) 6, 5, 3, and 1 days prior to 
the earthquake, (b) displays Dst-index, and (c) solar F-10.7 cm. The geomagnetic 
condition is found to be moderate. The star symbol represents the earthquake day. 
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Fig. 7. Shows the daily SST and SLHF variation over the epicentre for the period of 
2 February – 17 March 2011. The SST is followed by SLHF. The star symbol repre-
sents the earthquake day. 
increase from 23 February to 1 March 2011 prior to Tohoku earthquake on 
11 March 2011.  
To evaluate the correlation between earthquakes and SLHF anomalies 
statistically, we assumed their behaviours to be two independent events and 
classified their relationships into two categories: “Anomaly Found” and 
“Anomaly Not Found”. We took the cases of 5 years around the epicentre 
region and analysed the data and checked the occurrence of anomaly in 
SLHF prior to the earthquakes. The positive and negative cases of occur-
rence of anomaly are shown in Table 3. A similar analysis was done to ob-  
 
Table 3  
















SLHF SST SLHF SST SLHF SST SLHF SST 
SE Loyalty Island 
(22°36S, 170°54E)
 M 6.6 
38 29 23 9 15 76% 60% 24% 40% 
Samoa Islands region 
(15°29S, 172°5W) 
M 6.6 




15 9 8 6 7 60% 53% 40% 47% 
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tain correlation between earthquake and SST. It is seen from Table 3 that for 
Loyalty Island 76% of the cases showed SLHF anomaly before the earth-
quake. For Samoa Island the percentage of cases was 82% and for Tohoku 
Japan 60% of the cases had an anomaly prior to the earthquake. Further, a 
similar process was done for SST variation. It was found that 60% of cases 
show anomaly in SST prior to earthquake at Loyalty Island. For the Samoa 
Island 73% of cases shows SST anomaly and for the Tohoku earthquake 
case 53% shows anomaly in SST prior to earthquake. Therefore, it can be 
concluded that SLHF and SST show anomalies prior to earthquakes. 
4. CONCLUSION 
This study reports the variation in land, ocean, and atmospheric parameters, 
namely SLHF, SST, and TEC, prior to three different earthquakes that have 
occurred in coastal regions. The TEC anomaly is observed from 1 to 13 days 
prior to all the three earthquakes. 
The SST anomaly rises prior to all the three earthquakes. This is then fol-
lowed by rise in SLHF anomaly. It could be noted that due to increase in 
SST and air masses at the coastal region, the SLHF is found to increase 
anomalously. The anomalous changes in land and ocean parameters were 
found to be related. 
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